Aim: To investigate the potential of propofol in suppressing ventricular arrhythmias and to examine whether mitochondrial ATP-sensitive potassium channels are involved. Methods: Male Sprague-Dawley rats were pretreated with intravenous infusion of propofol (Prop), a selective mitochondrial KATP channel inhibitor 5-hydroxydecanoate (5-HD), propofol plus 5-HD (Prop+5-HD), a potent mitochondrial K ATP channel opener diazoxide (DZ) or NS, respectively. The dosage of each drug was 10 mg/kg. The animals then underwent a 30 min-ligation of the left anterior descending artery. The severity of arrhythmias, the incidence of ventricular fibrillation (VF), and the time of the first run of ventricular arrhythmias were documented using an arrhythmia scoring system. Mitochondrial membrane potential (ΔΨm) was measured in freshly isolated rat cardiomyocytes with a fluorescence microscope. Results: The arrhythmia scores in the Prop and DZ group were 2.6(0-5) and 2.4(0-5), respectively, which were significantly lower than that in the control group [4.9(2-8)]. VF was not observed in both Prop and DZ groups. The first run of ventricular arrhythmias was significantly postponed in the Prop group (10.5±2.2 vs 7.3±1.9 min). Bracketing of propofol with 5-HD eliminated the anti-arrhythmic effect of propofol. In isolated rat cardiomyocytes, propofol (50 μmol/L) significantly decreased ΔΨm, but when propofol was co-administered with 5-HD, the effect on ΔΨm was reversed. Conclusion: Propofol preconditioning suppresses ischemia-induced ventricular arrhythmias in the rat heart, which are proposed to be caused by opening of mitochondrial K ATP channels.
Introduction
Propofol is a widely used anesthetic agent with some notable advantages including minimal side effects, controllable anesthetic state, and rapid onset and offset of drug effect. Apart from these anesthetic advantages, propofol has non-anesthetic effects such as organ protection against ischemia-reperfusion injury [1, 2] . Propofol is usually used for patients with coronary artery disease. These patients are at high risk for myocardial Effects of propofol on ischemia-induced ventricular arrhythmias and mitochondrial ATP-sensitive potassium channels
Original Article ischemia, which is an important factor leading to vital ventricular arrhythmias. In addition, there were case reports indicating propofol's effects in the termination of supraventricular arrhythmias [3, 4] , atrial fibrillation [5] , and recurrent ventricular arrhythmias [6] . During our clinical practice, we found that propofol could terminate refractory ventricular arrhythmia storm (unpublished data). Taken together, we hypothesize that propofol has the potential to stop or prevent arrhythmias.
ATP-sensitive potassium channels include mitochondrial ATP-sensitive potassium (K ATP ) channels and sarcolemmal K ATP channels. In recent years, studies have demonstrated that mitochondrial K ATP channels play an important role in www.nature.com/aps Liu Q et al Acta Pharmacologica Sinica npg mediating ischemia-induced ventricular arrhythmias [7] [8] [9] . The opening of mitochondrial K ATP channels that have been blocked by the selective mitochondrial K ATP channel inhibiter, 5-hydroxydecanoate (5-HD), could alleviate lethal ventricular arrhythmias. Agents such as sarafotoxin 6c [10] and oxytocin [11] have been reported to inhibit ventricular arrhythmias by opening mitochondrial K ATP channels. However, whether the inhibition of arrhythmia by propofol is based on the same mechanism is unknown.
In this study, we investigated the effects of propofol on ischemia-induced ventricular arrhythmias in vivo. Furthermore, we clarified whether mitochondrial K ATP channels were involved.
Materials and methods

Animals and drugs
The experiments were performed according to the National Research Council's guidelines. Male Sprague-Dawley rats (weighing 200-250 g) were housed in cages under standardized conditions of 12 h light/dark cycles, 20-25 °C ambient temperature, and 40%−60% humidity with free access to rat chow and water. The animals were made available by Laboratory Animal Centre, Shanghai First People's Hospital. The certificate number of the rats was SYXK (2009-0086).
Diazoxide, 5-HD, Evans blue, and collagenase type II were purchased from Sigma-Aldrich Chemical Co (St Louis, MO, USA). Propofol was purchased from Beijing Fresenius Kabi Co (Beijing, China). 5,5′,6,6′-Tetrachloro-1,1′,3,3′-tetraethylbenzimidazole-carbocyanide iodine (JC-1) was purchased from Beyotime Institute of Biotechnology (Nanjing, China). Other chemicals that were used were all of analytical reagent grade and commercially available. Diazoxide was dissolved in sodium hydroxide and diluted by 0.9% isotonic saline. Other drugs were dissolved in 0.9% isotonic saline when necessary.
Surgical preparation
Surgical preparation and techniques have been previously described in detail [12] . In brief, the rats were anesthetized with sodium pentobarbital (50 mg/kg, ip) and ventilated with a volume-controlled rodent respirator (Model ALC-V8, Shanghai Alcott Biotech Co, Ltd, Shanghai, China) at 60-70 strokes/ min with a tidal volume of 3-6 mL. If necessary, additional sodium pentobarbital was infused to maintain anesthesia. The jugular vein was opened for drug administration. A polyethylene catheter was filled with heparinized saline (100 U/mL), connected to pressure transducers (Model PT-24, Institute for Transducer Research, Fudan University, Shanghai, China), and signals were sent to an amplifying monitor (Nanjing Meiyi Science and Technology Pty Ltd, Nanjing, China). The femoral artery was cannulated to monitor systolic blood pressure, diastolic blood pressure, and mean arterial blood pressure (MAP). The electrocardiogram (lead II) was recorded using subcutaneous needle electrodes (Shanghai Medical Electronic Equipment Factory, Shanghai, China).
Thoracotomy was performed horizontally in the third intercostal space. A silk suture (6-0) was loosely placed around the left anterior descending (LAD) coronary artery near the origin. After a stabilization period of 10 min, drugs were administered according to group assignment. The rats were allowed 10 min for stabilization after all drugs were administered. The suture was then tightened for 30 min to produce acute artery occlusion. Myocardial infarction (MI) was confirmed by instant ST-segment elevation, visual inspection for cyanosis, and dyskinetic regional wall motion. During the experiment course, body temperature was maintained at 37 °C using a heating pad.
Experiment protocols
All animals underwent 30 min of coronary artery occlusion (in the sham group, LAD was isolated but not ligated). Rats were divided into the following 6 treatment groups: a shamoperated group (Sham, n=5), a propofol group (Prop, n=10), a propofol plus 5-HD group (Prop+5-HD, n=10), a 5-HD group (5-HD, n=10), a diazoxide group (DZ, n=10), and a control group (Control, n=10) ( Figure 1 ). According to a previous study [13] and our preliminary experiment, propofol was administered at a dose of 30 mg·kg -1 ·h -1 in this study. 5-HD [14] and diazoxide [15] were infused at a dose of 10 mg/kg. Arrhythmia study All types of arrhythmias were classified according to the Lambeth Conventions [16] standard ( Figure 2 ). An arrhythmia scoring system [17] was used for quantitative comparison. The arrhythmias were scored as follows: 0 for no arrhythmia, 1 for occasional ventricular premature ectopic (VPB), 2 for frequent VPB when there were three or more occurring within 1 min, 3 for ventricular arrhythmia (VT, one or two episodes), 4 for VT (three to five episodes), 5 for VT (more than five episodes), 6 for ventricular fibrillation (VF, one or two episodes), 7 for VF (three to five episodes), 8 for VF (more than five episodes), and 9 for arrhythmia-induced death or VF sustained more than 2 min. The arrhythmia scores were estimated during the 30-min period of ischemia. When VF occurred, there was no attempt to restore sinus rhythm. The rat was pronounced dead once VF lasted for 2 min.
Determination of ischemic area
The heart was removed quickly and washed retrogradely from the aorta with 10 mL normal saline (0.9%), and 2 mL of 2% Evans blue was slowly injected retrograde from the aorta. Atria and the roots of the great vessels were removed. The remaining tissues were frozen at -70 °C for 5 min. The heart was then cut into 2 mm-thick slices from apex to base. Because myocardial infarction is difficult to measure after only 30 min of coronary ligation, no attempt was made to separate ischemic from infarct tissue [12] . The ischemic area was determined by negative staining with Evans blue. Ischemic areas were not stained, and non-ischemic areas were colored blue. The ischemic zone was separated and weighed. The ischemic area was expressed as a percentage of the left ventricle of the slices.
Isolation of cardiomyocytes
Single adult ventricular myocytes isolated from rat hearts were obtained as previously described [18] . In brief, single ventricular myocytes were isolated from Sprague-Dawley rats (200-250 g) by enzymatic digestion. Hearts were excised and perfused retrograde via the aorta (8 mL/min) with oxygenated (100% O 2 ) Krebs-Henseleit (KH) buffer containing (mmol/L) 118 NaCl, 4.8 KCl, 1.2 CaCl 2 , 37.5 NaHCO 3 , and 16.5 dextrose. The pH was equilibrated at 7.35. The hearts were then perfused with a Ca 2+ -free KH buffer containing collagenase type II (309 U/mL) for 20 min. The ventricles were minced and shaken in KH buffer. The resulting cellular digest was then washed, filtered, and re-suspended in phosphate-free HEPESbuffered saline ( 
Mitochondrial inner membrane potential measurement
The changes of mitochondrial membrane potential (ΔΨm) were monitored with JC-1. Cells were stained with JC-1 for 15 min at 25 °C. Propofol, propofol plus 5-HD, diazoxide, 5-HD, or 0.9% normal saline was added 10 min before the measurement. The observations were made with a fluorescence microscope (Eclipse TS100-F; Nikon, Tokyo, Japan). Five independent experiments were conducted, and each experiment had triplicates of the same treatment. To avoid bias in the analysis, 15 areas were randomly collected from the triplicates of the same treatment in each independent experiment. The ratio of aggregated JC-1 (red fluorescence) and monomeric JC-1 (green fluorescence) represented ΔΨm and was calculated after background subtraction. A decrease in this ratio represented depolarization of membrane potential, whereas an increase in the ratio was interpreted as an increase of the potential. The wavelengths of excitation and emission were 490 nm and 530 nm for the detection of the monomeric form of JC-1, and 525 nm and 590 nm were used to detect aggregations of JC-1.
Statistical analysis
For the statistical analysis of the incidence of ventricular arrhythmias, Fisher's exact probability test was applied. Arrhythmia scores were presented as the median with range and were compared with the Kruskal-Wallis test. Other continuous variables were expressed as the mean±standard deviation (SD) and compared using one-way analysis of variance, followed by the Tukey test. SAS software (version 7.0) was used for data analysis. A P value of less than 0.05 was considered statistically significant.
Results
Hemodynamic parameter, arterial blood gases and ischemia area All animals survived the 30 min myocardial ischemia. The results depicted in Table 1 show hemodynamic changes and ischemic area. In the DZ group, MAP was lower before and during LAD ligation, compared with the control group (94±9 and 83±9 mmHg vs 122±8 and 110±7 mmHg, respectively; P<0.05). Administration of propofol did not appreciably affect this parameter. No significant difference in the value of heart rate among all the groups was observed. In addition, administration of diazoxide and propofol did not modify the size of ischemia when compared to the control group. There was no significant difference among all the groups in blood gas analyses during the course of experiments as shown in Table 2 .
Arrhythmia study
The administration of propofol prior to heart ischemia alleviated the severity of ventricular arrhythmias. The arrhythmia score in the Prop group was lower compared to the control group [3(0-5) vs 6(2-8); P<0.05]. Apart from the Prop group, the arrhythmia score in the DZ group was lower than the con- observed in the Prop and DZ groups during the course of the experiment. 5-HD did not affect the occurrence of VF. However, when 5-HD was administered 5 min after propofol, it eliminated the antiarrhythmic effect of propofol.
In the propofol and diazoxide group, VT/VF occurred less frequently than the control group. VT/VF occurred 11 times in the propofol group and 17 times in the diazoxide group, which was significantly less when compared to the 57 occurrences in the control group. Frequency of occurrence of VT/VF in the 5-HD group (52 times) was almost as high as the control group. When 5-HD was administered after propofol, the antiarrhythmic effects of propofol were eliminated (56 times). Ventricular arrhythmias were mostly observed 5 to 20 min after LAD ligation (Figure 4) . A lower incidence of ventricular arrhythmias was observed in the propofol and diazoxidetreated rats compared to the control. There was no VF The time of the first episode of VT/VF The first run of VT or VF was postponed when the animals were administered propofol (Figure 4 ). In the Prop group, the first run of VT or VF came later than that of the control group (10.5±2.2 min vs 7.3±1.9 min; P<0.05). However, diazoxide did not show similar effects. Although 5-HD did not affect the first run of VT or VF, it reversed the effect of propofol when administered after propofol. In the Prop+5-HD group, the onset of VT or VF was earlier than that of the Prop group (7.8±1.7 min vs 10.5±2.2 min; P<0.05).
Changes in mitochondrial membrane potential JC-1 ratio (J-aggregate/monomer) can reflect changes in ΔΨm. A decrease in this ratio represented depolarization of membrane potential, whereas an increase in the ratio was interpreted as a gain in the potential. Figure 5 shows the JC-1 ratio in five groups. 5-HD (100 µmol/L) had no effect on JC-1 ratio when compared to control (55±7 vs 56±8, P>0.05). Diazoxide (100 µmol/L) and propofol (50 µmol/L) can decrease JC-1 ratio (46±9 and 46±6 vs 56±8, P<0.01, respectively). However, when bracketing propofol with 5-HD, the propofol-induced loss of ΔΨm was reversed (P<0.01).
Discussion
In this study, administration of propofol before ischemia protected rats from subsequent prolonged ischemia-induced, lethal, ventricular arrhythmias. Twenty minutes of propofol infusion lowered the severity of arrhythmia, decreased the incidence of VF, and postponed the first run of VT/VF. Flavoprotein fluorescence measurements also showed that propofol could potentially open mitochondrial K ATP channels. These effects were eliminated by 5-HD, a highly selective mitochondrial K ATP channel blocker. The findings indicated that the antiarrhythmic effect of propofol was mediated by mitochondrial K ATP channels.
Single or multiple brief periods of ischemia have been shown to limit infarct size in the subsequent, sustained ischemia, which was termed as preconditioning [19] . Preconditioning was found initially to protect organs from the injury of ischemia and reperfusion. It was found that preconditioning could prevent ischemia-induced arrhythmias in subsequent studies. Recent studies showed that mitochondrial K ATP channels may play an important role in ischemia-induced, ventricular arrhythmias [7] [8] [9] . Ischemia and diazoxide preconditioning could decrease the incidence and duration of ventricular arrhythmias in langendorff-perfused rat hearts. However, bracketing of diazoxide or ischemia with 5-HD exacerbated the severity of arrhythmia in the following 25 min of ischemia [7] . The decreased incidence of lethal ventricular arrhythmias due to opening of mitochondrial K ATP channels has also been verified in rabbits [8] and dogs [9] . Although it has been observed that mitochondrial K ATP channels serve as central effectors in preconditioning, the actual mitochondrial proteins involved in this process are not well understood. Mitochondrial K ATP channels displayed several characteristics similar to those of the sarcolemmal K ATP channels in that both channels were reversibly inactivated by ATP applied to the matrix side and inhibited by glibenclamide [20] . The mitochondrial inner membrane is polarized by -180 mV, with the matrix side negative due to an H + gradient generated by respiratory enzyme complexes [20] . When mitochondrial K ATP channels open, the potential would dissipate. In our study, we used JC-1 as a marker to reflect the opening of the mitochondrial K ATP channels. JC-1 could aggregate in normal mitochondria and present red fluorescence. On the contrary, green fluorescence represented the monomeric form of JC-1, appearing in the cytosol after mitochondrial membrane depolarization. Therefore, JC-1 can reflect a change in the mitochondrial membrane potential.
Previous studies showed that the heart rate and involved, ischemic zone size can influence susceptibility to ischemiainduced arrhythmias [21, 22] . In our study, both factors were not affected by propofol. Therefore, the anti-arrhythmic effect of propofol was not mediated by its effect in controlling heart rate and ischemic area. According to a prior study, propofol could limit infarct size [23] , which seems contrary to our conclusion. Indeed, myocardial infarction is difficult to measure after only 30 min of coronary ligation [12] . Therefore, what we measured in this study was ischemic size but not infarct size. Diazoxide significantly decreased MAP and slightly lowered the heart rate, which may confer the antiarrhythmic effects of diazoxide. The main antiarrhythmic effect induced by diazoxide may be attributed to a temporal increase in reactive oxygen species production in the preconditioning phase [7] . In our study, propofol inhibited ischemia-induced, ventricular arrhythmias, which were mediated by mitochondrial K ATP channels. The exact mechanism involved was less clear. In cardiac myocytes, diazoxide activated mitochondrial K ATP channels 2000 times more potently than surface K ATP channels, and it exerted cardioprotective effects during ischemia. The PKC-mediated signal pathway has been proven to modify the opening of mitochondrial K ATP channels through diazoxide [24] [25] [26] . Exposure to a PKC activator potentiated and accelerated the effect of diazoxide [27] . The Figure 5 . JC-1 ratios in each group. In the Prop and DZ groups, the JC-1 ratios were lower than in the control group. In this study, both propofol and diazoxide showed antiarrhythmic effects, and both could open mitochondrial K ATP channels. However, propofol could postpone the first run of ventricular arrhythmias, but diazoxide could not. Therefore, the mechanism of opening mitochondrial K ATP channels by propofol may be different from that of diazoxide. One of the examples of such different mechamisms is that although the PKC pathway plays an important role in preconditioning induced by propofol and diazoxide, the PKC isoform may be different. Diazoxide could induce translocation of PKC-epsilon as an upstream signaling molecule for mitochondrial K ATP channels [22, 23] . Although propofol causes an increase in PKC activity in rat ventricular myocytes, it caused translocation of PKC-epsilon to sites not associated with mitochondria [16] . Thus, the mechanisms involved in opening of mitochondrial K ATP channels are not identical between propofol and diazoxide and need further study.
Intralipid is a solvent for propofol. Although studies have demonstrated that post-ischemic treatment with intralipid had cardioprotective effects against reperfusion injury [28] , previous studies [12] and our preliminary results demonstrated that intralipid itself did not affect hemodynamics or ischemiainduced arrhythmias. Based on these results, we believe that the use of intralipid as a vehicle did not influence the effects of propofol during ischemic conditions.
In conclusion, propofol preconditioning could protect the heart from long, sustained, ischemia-induced, lethal arrhythmias. Activation of mitochondrial K ATP channels might play an important role in this process. The mechanism by which mitochondrial K ATP channel exerts its cardioprotective effect is poorly understood and needs further study. Lastly, our study should be interpreted with some degree of caution, particularly because it was performed using rat hearts, which may not be completely analogous to human heart tissue.
